The CFTR protein, encoded by the gene whose mutations induce Cystic Fibrosis, is an anion channel devoted mainly to chloride and bicarbonate transmembrane transport, but which also regulates transport of several other ions. Moreover, it is implicated in the cell response to inflammation, and, reciprocally, cftr gene expression is modulated by inflammatory stimuli and transduction pathways. Looking for a control of CFTR expression by ionic conditions, we investigated the effect of altered extracellular bicarbonate ion concentration on CFTR expression in human pulmonary Calu-3 cells. We found that basal cftr gene transcription is enhanced when extracellular HCO 3 . These results show that bicarbonatecontrolled sAC stimulation must be taken into account in cell physiology and that basal CFTR expression depends on an ionic parameter.
Introduction
Cystic Fibrosis, the genetic autosomal disease induced by mutations in the cftr (Cystic Fibrosis transmembrane conductance regulator) gene, is clinically dominated by inflammation and infection [1] , and inflammatory stimuli control CFTR expression at both transcript and protein levels [2] [3] [4] [5] . However, the major function of the CFTR protein is that of a PKA-activated anion channel able to control the activity of other ion transporters [6] , but a few data suggest a link between regulation of cftr gene expression and cell homeostasis. In human cells, we have shown that increased extracellular Na + concentration decreases cftr gene expression [7] , Inserm, U845, Paris, F-75015, Université Paris V-Paris Descartes, Faculté de Médecine René Descartes, Paris, F-75075, France but to our knowledge, no data exist concerning a possible modulation of gene expression by the anions that flow through this channel. After Cl -, bicarbonate is the second most important anion transported through the CFTR channel. This notion was first supported by the observation that the pancreatic juice of cystic fibrosis patients lacks HCO 3 - [8, 9] , and subsequently, direct HCO 3 -transport by CFTR was documented by several studies conducted on digestive epithelial cells [10, 11] . Similar results were found in the pulmonary tract, since HCO 3 -secretion may be directly mediated by CFTR in Calu-3 cells [12] , and pulmonary secretion is particularly acidic in cystic fibrosis [13] . CFTR further regulates the activities of the two luminal Cl -/HCO 3 - exchangers of the SLC26 family [14, 15] [16] . Consequently, a control of CFTR expression linked to cell homeostasis might involve a bicarbonate sensor.
Soluble adenylyl cyclase (sAC) is a bicarbonate sensor which is directly activated by HCO 3 - [16] . sAC differs significantly from the classical transmembrane adenylyl cyclases (tmAC): their genes present few analogies, and sAC activity is not related to hormonal stimulation and G protein activation [16] . In contrast, sAC behaves as a calcium and bicarbonate sensor [17] and is found in sub-cellular compartments containing cAMP targets, among which is the nucleus [18] . It is very abundant in mammalian sperm and present in lungs [19] . In corneal endothelium and human pulmonary Calu-3 cells, an acute increase in extracellular ] stimulates both sAC expression and cAMP production, which activates the CFTR channel [20] [21] [22] .
In COS7 cells, its activation induced by incubating cells in the presence of extracellular bicarbonate leads to phosphorylation of the transcription factor CREB [23, 24] . The cftr gene contains a cAMP responsive element (CRE) in its promoter, at the position -48 [25] . cAMP cell content has been shown to control basal cftr gene transcription, whereas other consensus nucleotide sequences (i.e. AP1, SP1) are involved in the acute response to extracellular inflammatory stimuli [26, 27] . This particular duplication of the control mechanisms of cftr gene expression has not been further studied. It can be hypothesized that the basal control of cftr gene expression depends on ionic parameters. The present study, performed on Calu-3 cells, was undertaken to explore this question by determining whether variations in extracellular bicarbonate concentration can control cftr gene expression via sAC activation.
Materials and Methods
Cell culture and treatment Calu-3 cells were obtained from ATCC and cultured on plastic in DMEM containing 1 mmol/l Na pyruvate, nonessential amino-acids, and 10% fetal calf serum (FCS), as recommended by ATCC. They were maintained at 37°C in a 5% CO 2 / 95% air atmosphere saturated with water. Tests were performed on sub-confluent cells placed in serum-free medium for 24 hours before experiments. The experimental medium was DMEM without bicarbonate (InVitrogen,Cergy-Pontoise, France), buffered at pH 7.4 with Hepes (25 mmol/l) and supplemented, at the beginning of incubation, with the various concentrations of NaHCO 3 . Incubations were performed for the times indicated, at 37°C, in a humidified air atmosphere. In preliminary experiments, the CFTR mRNA content of cells incubated in 100% air was compared to that found in 95% air-5% CO 2 . Addition of 5% CO 2 to the incubator did not significantly affect gene expression in cells incubated in the presence of 10, 15, 25, or 50 mmol/l of NaHCO 3 , but increased the values at low (0 and 5 mmol/l) ]. Therefore, the study was performed on cells incubated in air. The pharmacological agents were added 15 minutes before bicarbonate supplementation. 2 OH-β estradiol (2 OH-βΕ 2 ), Forskolin, SQ 22536, and H-89 were dissolved in DMSO, and IBMX and estradiol in ethanol. In all cases, the concentrated solution was diluted 1/1000 in the incubation medium, and the same volume of solvant was added to the control. All drugs were purchased from Sigma-Aldrich (Saint Quentin-Fallavier, France).
RNA extraction and Northern blotting
Total RNAs were isolated with phenol/chloroform using the Trizol reagent (InVitrogen) according to the manufacturer's instructions. Since Calu-3 cells strongly express the cftr gene, we chose to determine the variations in their CFTR mRNA content directly by Northern blotting. This was done using total RNAs separated on 0.9% agarose gels (15 µg/well) and transferred to nylon membranes (Stratagene-Europe, Amsterdam). The membranes were hybridized with 32 P-labeled cDNA probes (specific activity > 10 9 cpm/μg) with the Quik Hyb solution provided by Stratagene. The CFTR probe was the 1.5-kb EcoR1-EcoR1 fragment of human CFTR cDNA, kindly provided by Dr Pascale Fanen (INSERM U.654, H. Mondor Hospital, Créteil, France) [2] . Cox-2 gene expression was studied using the 2.2-kb XhoI-BamH1 fragment of the TIS 10 gene which detected a slight signal of 4.5 kb in Calu-3 cells under our basal conditions. The β-actin cDNA probe was purchased from Oncogene Science (Cambridge, USA). mRNAs were quantified by densitometry using an ImageMaster VSD (GE Biotechnologies, Orsay, France), and the amounts of CFTR mRNA were normalized to those of β-actin. Since 25 mmol/l is the physiological bicarbonate concentration, all the calculated CFTR/β-actin ratios were expressed as percentages of those found at this HCO 3 - concentration. All experiments were repeated between four and six times. 
Cyclic AMP measurement
The cyclic AMP production induced by bicarbonate addition was measured in confluent cells cultured in 40 mm diameter Petri dishes, maintained first in serum-free medium for 24 hours, then in HCO 3 --free medium for three hours. The experiments (performed at 37°C) began when NaHCO 3 was added, at the concentrations indicated, in fresh bicarbonatefree medium, 15 minutes after the addition of the pharmacological agents. The reaction was stopped, after a 3-hour incubation, by rapid cooling at 4°C and two washes of cells with ice-cold phosphate saline, followed by addition of 200 µl of HCl 0.1 N. Cell lysis was performed under mild agitation, at room temperature, during 30 minutes. Cells were then scraped off and the dishes rinsed with 200 µl HCl. The resulting suspensions were centrifuged at 1000g for 10 minutes, the supernatants collected, and their protein content measured according to Lowry. They were then stored at -20°C until measurement of their cAMP content. cAMP was measured by ELISA, in duplicates on 100 μl samples, using the direct cAMP enzyme immunoassay kit from Sigma-Aldrich, as recommended by the manufacturer, according to the acetylation procedure. The cAMP amounts measured were normalized to the protein content of samples.
Immunodetection of nuclear CREB and phosphorylated CREB A) Nuclear protein preparation. Nuclear proteins were extracted at 4°C in buffers containing protease and phosphatase inhibitors. Serum-deprived cells were incubated for 3 hours in bicarbonate-free medium under an water-saturated atmosphere, and then with a range of HCO 3 -concentrations for the times indicated. At the end of the experiment, cells were rapidly washed with ice-cold PBS, scraped off into PBS, and centrifuged at 400g for 3 minutes at 4°C. The pellet was resuspended in a hypotonic medium (10 mmol/l KCl, 10 mmol/ l HEPES pH 7.9, 1.5 mmol/l MgCl 2 , 0.5 mmol/l DTT, 0.5 mmol/l EDTA) containing 0.25 % NP40, and incubated for 15 minutes at 4°C. The preparation was centrifuged at 1000g for 10 minutes, and the pellet, containing the nuclei, was washed with the hypotonic buffer without NP40 and centrifuged again at 1000g (15 minutes). The washed nuclei were resuspended in a hypertonic buffer (420 mmol/l NaCl, 20 mmol/l Hepes pH 7.9, 1.5 mmol/l MgCl 2 , 0.5 mmol/l DTT, 0.5 mmol/l EDTA) containing 25% glycerol, and incubated at 4°C, with frequent high-speed vortexing. Hematoxylin staining was used to check that the nuclei were empty, and the suspension was centrifuged at 15000g for 10 minutes. The nuclear proteins present in the supernatant were then measured and subjected to electrophoresis.
B) Western blotting. CREB and Phospho-CREB proteins. Two identical loadings were performed for each experiment. Protein extracts (35 μg), previously denatured by a 15-minute incubation with SDS/DTT at 37°C were loaded onto a 10 % SDS-polyacrylamide electrophoresis gel and ran for 1 hour at 30 mA in Tris-Glycine-SDS buffer. The proteins thus separated were electrotransferred to a 0.22 µm nitrocellulose membrane (BioRad, 0.22 μm) at 2.5 mA/cm 2 for 90 minutes. Free sites on the membranes were then blocked by incubation for 1 hour at room temperature with Tris-buffered saline containing 0.1% Tween-20 and 5% skim milk. One of the membranes was then incubated overnight at 4°C with a Phospho-CREB (Ser133) (87G3) rabbit monoclonal antibody, and the other with a CREB (48H2) rabbit monoclonal antibody (both from Cell Signaling, Danvers, USA) in the blocking solution, according to the supplier's instructions. The secondary antibody was a goat anti-rabbit IgG (AbCyss.A, Paris), and the complexes were visualized using the ECL+ enhanced chemoluminescence kit (GE Biotechnologies, Orsay, France).
The stains were digitized by densitometry (Image Master, GE Biotechnologies, Orsay, France) before calculating the ratios of phosphorylated/non-phosphorylated signals.
The linearity of the signals corresponding to both phosphorylated and non-phosphorylated CREB and the constancy of ratios were tested in preliminary experiments by loading 15, 30, and 45 μg of proteins extracted from Calu-3 incubated with 25 mmol/l HCO 3 -for 30 minutes.
CFTR protein immunodetection A) Total membrane protein preparation.
Membrane proteins were extracted at 4°C in buffers containing protease inhibitors (Complete-mini Roche) as already described (28) . Serum-deprived cells were incubated for 24 hours either in the presence of diverse extracellular [NaHCO 3 ] (0, 10, 25 mmol/l) with or without added inhibitors. At the end of the experiment, cells were rapidly washed and scraped off into ice-cold PBS, centrifuged at 400g for 3 minutes, then resuspended and incubated for 30 minutes in a hypotonic buffer (KCl 10 mmol/l, Tris-HCL pH 7.4 10 mmol/l, MgCl 2 1 mmol/l). Their lysis was performed mechanically, using a glass/glass potter, and the preparation was centrifuged at 10000g for 10 minutes in order to eliminate the unbroken cells and heavy particles (nuclei, mitochondria). The supernatant was then centrifuged again for one hour at 100 000g. The pellet was resuspended in hypotonic medium, and the membrane vesicles which constitute it were homogenized by successive passages through needles of decreasing diameter. The protein content of the preparation was measured according to Lowry's protocol, then 30 μg aliquots of the preparation were conserved at -80°C until used.
B) Western blotting. Protein extracts (30 µg), previously denatured by a 15-minute incubation with SDS/DTT at 37°C were loaded onto an 8 % SDS-polyacrylamide electrophoresis gel and run for 1 hour at 30 mA in Tris-Glycine-SDS buffer. The separated proteins were electrotransferred onto a 0.22 µm nitrocellulose membrane (BioRad, Marnes-la-Coquette, France) at 2.5 mA/cm 2 for 90 minutes. Free sites on the membranes were then blocked by incubation for 1 hour at room temperature with Tris-buffered saline containing 0.1% Tween-20 and 5% skimmed milk. The membrane was then incubated overnight at 4°C with the anti-CFTR mouse monoclonal antibody M3A7 (Upstate, Lake Placid, USA) in the blocking solution, according to the supplier's instructions. The secondary antibody was a goat anti-mouse IgG (AbCyss.A), and the complexes were visualized using the ECL+ enhanced chemoluminescence kit (GE Biotechnologies, Orsay, France). Staining was digitized by densitometry (Image Master, GE Biotechnologies, Orsay,
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France) before calculating the ratios of phosphorylated/nonphosphorylated signals.
In a second procedure, the membrane was erased and blotted with a anti-transferrin receptor monoclonal antibody (Zymed, San Francisco, USA) used as a reference protein. The ratio CFTR / Transferrin receptor staining was used to quantify CFTR protein expression.
Statistical analysis
The results are expressed as means ± SEM of 4 to 10 determinations. The statistical significance of the results was checked using either ANOVA, completed with the Tukey-Kramer post-hoc test to compare the HCO 3 --induced variations measured under different conditions, or the unpaired Student's t-test. A p value < 0.05 was considered as significant. in cultures with 25 mmol/l NaHCO 3 , 517 ± 45 in nominally HCO 3 -free medium, 526 ± 52 in cultures with 5 mmol/l NaHCO 3 , and 565 ± 46 in the presence of 50 mmol/l NaHCO 3 (n=10). The CFTR mRNA content increased consistently as a function of NaHCO 3 concentration. The Northern blot represented in Figure 1A shows that it was very low in cells incubated in bicarbonate-free medium and increased progressively upon addition of NaHCO 3 , reaching a plateau in the presence of 25 mmol/l NaHCO 3 . At the same time, the 24 hour-incubation in bicarbonate-free buffer altered very slightly the cell content in β-actin mRNA (the cell content in β-actin mRNA found at 0 bicarbonate corresponded to 89.66 ± 1.08 % of the signal observed in the presence of 25 mmol/l HCO 3 -) (n = 10). Quantification of the CFTR /β-actin mRNA ratio ( Figure 1B ) indicated that cells incubated in bicarbonate-free medium contained about 10-fold less CFTR mRNA than those maintained in the presence of 25 mmol/l NaHCO 3 , which corresponds to the physiological extracellular bicarbonate concentration. The specific role of HCO 3 -ions was tested by various substitutions (Table 1 ). The cell content in CFTR mRNA found after adding 25 and 50 mmol/l of choline bicarbonate to the bicarbonate-free medium was analogous to that induced by supplementing the medium with the same NaHCO 3 concentrations. Conversely, addition of 50 and 100 mmol/l of mannitol did not significantly increase the amount of CFTR mRNA. These data show that the amount of CFTR transcripts does not depend on extracellular [Na -free medium and the pH adjusted to those values using NaOH (0, +1.75 and +4.75 mmol/l respectively). After 24 hours, CFTR mRNA levels did not significantly differ among the three conditions. These data indicate that modified HCO 3 -concentrations, but not altered external pH, were the main cause of the CFTR mRNA changes observed after NaHCO 3 addition.
Results

I -Calu-3 cell content in CFTR
To determine the transcriptional or posttranscriptional origin of this modulation, some experiments were performed in the presence of actinomycin D (10 µg/ml), which inhibits gene transcription. Under these conditions, supplementation of the bicarbonate-free medium with NaHCO 3 did not increase CFTR gene expression (Table 2) , which shows that the regulation does not correspond to post-transcriptional events. By contrast, the bicarbonate-induced variations were not altered by the presence of cycloheximide (6x10 -6 mol/l), a protein synthesis inhibitor ( Table 2 effect does not require any protein synthesis. These data suggest that extracellular bicarbonate concentration modulates cftr gene expression via the activation of some transcription factor(s) already present in cells.
The absence of variation in β-actin mRNA cell content observed in the presence of the different [HCO 3 -] showed that the bicarbonate-induced modulation did not concern all the gene expressions. In order to determine whether or not the observed HCO 3 --induced modulation was linked to some inflammatory process, we looked for variation in the expression of an inflammationinduced gene, and measured the content in Cyclooxygenase-2 (COX-2) mRNA together with that of CFTR mRNA. As shown in Figure 2A , addition to the medium of increasing bicarbonate concentrations (from 0 to 25 mmol/l) did not alter the COX-2/β-actin ratio, in contrast with the variations of the CFTR/β-actin ratio. hours in the same bicarbonate-free medium, or incubated in the presence of either (ii) 25 mmol/l NaHCO 3 , or (iii) 5ng/ml IL-1β. Addition of 25 mmol/l NaHCO 3 did not significantly change COX-2 mRNA levels (181 ± 76 %, n=3; p>0.05), whereas stimulation with 5 ng/ml IL-1β increased them by more than 6-fold (695 ± 111 % of control, n=3; p<0.05) ( Figure 2B ). As also shown in Figure  2B , under these conditions, a short stimulation with both 25 mmol/l HCO 3 -and IL-1β (5 ng/ml) slightly but consistently increased the cell content in CFTR mRNA.
II -Increasing bicarbonate concentration stimulates soluble adenylyl cyclase and increases phospho-CREB nuclear accumulation
Enhanced basal CFTR gene transcription may result from increased cAMP production [27] . In addition, bicarbonate-responsive "soluble" adenylyl cyclase defines a functional nuclear cAMP microdomain [23] . Whether cAMP synthesis is triggered by extracellular HCO 3 -was tested by measuring the cAMP content in Calu-3 cells incubated for 3 hours in the presence of increasing bicarbonate concentrations (0 to 50 mmol/l), after a 2 hour-pre-incubation in bicarbonate-free medium supplemented with 10 -3 mol/l IBMX. A dose-dependent production of cAMP was observed that reached a maximal value (218 ± 21 pmol /mg of protein, n = 5) at 25 mmol/l bicarbonate ( Figure 3A ). This bicarbonate-induced cAMP production was inhibited by 2OH-17β estradiol (25 x 10 -6 mol/l), currently used as a specific sAC inhibitor The histogram on the right represents the CFTR/β-actin (gray bars) and COX-2/β-actin (hatched bars) ratios. Each value is the mean ±SEM of 4 determinations. The variations of CFTR/ β-actin ratios are significant, unlike those of COX-2/β-actin (ANOVA and Tukey-Kramer post-hoc test). B: Cells were incubated for 2 hours in bicarbonate-free medium (1) with either 25 mmol/l NaHCO 3 (2) or 5 ng/ml IL-1β (3). The figure shows representative Northern blots (left) and, on the right, the cell contents in CFTR and COX-2 mRNA are expressed as percentages of the result found in bicarbonate-free medium. Each value is the mean ± SEM of 3 determinations, the IL-1β effect on cox-2 gene expression is significant: p<0.01 (unpaired Student's t test).
[29] (Figure 3 A and B) , but not by 17β-estradiol, which does not inhibit sAC [30] at the same concentration ( Figure 3B ). cAMP production was not altered by SQ22536 (50 x 10 -6 mol/l), a blocker of membranous adenylyl cyclase [30] (Figure 3B ). The possible implication of sAC in bicarbonate-triggered cAMP production was explored by comparing the effects of 25 mmol/l NaHCO 3 and forskolin (10 -5 mol/l) ( Figure 3B , respectively left and right panels). The implication of two different adenylyl cyclases is supported by the fact that the effect of forskolin (which is a much more potent inducer of cAMP production) was inhibited by SQ22536, but not by 2-OH-β-estradiol ( Figure 3B ). Since cAMP production by sAC has been shown to be modulated by altered [Ca 2+ ] i [17, 31] , the effect of the permeant BAPTA-AM (10 Increased cAMP production may be linked to enhanced gene transcription via activation, firstly of protein kinase A, and secondly of the nuclear transcription factor CREB, which is able to bind various nuclear proteins and thus to react with several nucleic sequences, particularly the CRE motif [32] . We tested this bicarbonate-activated pathway by determining the amount of phospho-CREB present in nuclear extracts from Calu-3 cells. This was tested by Western blotting of nuclear proteins extracted from cells pre-incubated for 3 hours in bicarbonate-free medium, and then in the presence of NaHCO 3 , using antiphospho-CREB antibodies. All nuclear extracts contained non-phosphorylated CREB ( Figure 4A and B) but, as shown in Figure 4A , CREB phosphorylation induced by 25 mmol/l HCO 3 -could be detected after 15 minutes, was much increased after 30 minutes of incubation, and reached maximal values after 60 minutes. Induction of CREB phosphorylation by extracellular HCO 3 -was dosedependent, as shown by the intermediate levels of nuclear phospho-CREB after incubation with 5 mmol/l NaHCO 3 for 60 minutes ( Figure 4B) .
The phospho-CREB nuclear accumulation induced by 25 mmol/l NaHCO 3 was linked to cAMP production, since it was enhanced by the presence of the phosphodiesterase inhibitor IBMX, and involved PKA stimulation, as it was inhibited by H-89 (10 -5 mol/l). The observed CREB phosphorylation could be related to sAC stimulation, since it was inhibited by 2OH-β-estradiol (2OH-β-E 2 ), and not by the membrane adenylyl cyclase inhibitor SQ22536 (50 mmol/l) ( Figure 4C ).
III -Impact of bicarbonate-induced sAC stimulation and phospho-CREB accumulation on cftr gene and CFTR protein expression and function
As shown in Figure 5 , the upregulation of cftr gene expression by 10 and 25 mmol/l of NaHCO 3 is related to sAC stimulation, since it was inhibited by 2OH-β-E 2 , but not by SQ22536. Inhibition in the presence of H-89 demonstrates that it also depends on PKA-activated phospho-CREB nuclear accumulation.
The effect of bicarbonate-induced sAC activation on CFTR protein expression was then explored. This was performed by Western-blotting of membrane proteins from cells incubated for 24 hours in the presence of either different HCO 3 -concentrations (0, 10, or 25 mmol/l), or with 25 mmol/l NaHCO 3 along with 2OH-β-E2, SQ22536, or H-89. As shown in Figure 6 , under these conditions, the intensity of CFTR protein bands was dose-dependently increased by , and significantly decreased by both 2OH-β-E 2 and H-89. CFTR protein was unaltered by SQ22356, whereas the amount of transferrin receptor (chosen as the reference protein) was not significantly affected by the treatments. context of CFTR physiology research, our results complete previous reports of CFTR channel activation by increased bicarbonate concentration [21, 22] .
Particular experimental conditions (absence of CO 2 and use of Hepes buffering) are required to test the effect of the absence of extracellular bicarbonate, and they have been used in previous studies on sAC activation [16, 21] . They allow cell survival during the 24 hour-incubation required to detect changes in cell CFTR mRNA content, but lead to under-evaluation of the true extracellular ] of bicarbonate-free medium supplemented with various amounts of NaHCO 3, which decreases over the 24 hour-incubation in 100% air. This imprecision does not invalidate the demonstration of a bicarbonatecontrolled regulation of cftr gene expression, since our results show that both CFTR mRNA cell content and cAMP production reached a plateau around 20 Elevated cAMP cell content was the first known activator of cftr gene expression [25, 26] . Among the several cAMP-stimulated binding sites of the CFTR promoter, the CRE-like element, which is required for a basal level of cftr gene transcription, is the most conserved throughout evolution [27] . In this context, demonstrating that extracellular bicarbonate is required for cftr gene expression suggests the participation of a cAMP production triggered by activation of sAC, which is present in many CFTR-expressing epithelial cells [16] . sAC behaves as a sensor for both Ca 2+ and HCO 3 - ions, which increase the Vmax and the Km of cAMP formation [17] . Its activation does not produce huge amounts of cAMP, but its functional importance results from its ubiquitous distribution in all cell compartments, including the nucleus [23] . In our model, involvement of sAC in the cAMP production induced by increasing extracellular ] from 0 to 25 mmol/l is supported by the effect of 2OH-β-estradiol, known to be a specific non-competitive sAC inhibitor [29] , and the absence of any inhibitory effect of SQ 22536 [9-(tetrahydro-2 furanyl)-9H-purin-6-amine], which inhibits membranous adenylyl cyclase [30] . Furthermore, the cAMP production respectively triggered by bicarbonate supplementation and forskolin clearly differ by their extent and by their inhibitor-induced modulation. In addition, the bicarbonate effect is modulated in response to variations in intracellular Ca 2+ concentration, as shown by its inhibition by BAPTA-AM and, to a lesser extent, by its enhancement by thapsigargin at 0 and 10 mmol/l bicarbonate. Such a bicarbonateinduced cAMP accumulation has already been reported in Calu-3 cells [21] in a study of the acute HCO 3 --induced sAC stimulation which activates the cAMP-dependent CFTR channel.
The presence of 5 and 25 mmol/l NaHCO 3 in the incubation medium dose-dependently stimulated phosphoCREB nuclear accumulation. This reaction is linked to sAC activation, since it is decreased by 2OH-β-estradiol, and to protein kinase A stimulation, as shown by the inhibitory effect of H-89. The control of cftr gene expression by this transduction pathway is confirmed by the variations in the amount of CFTR mRNA found in Calu-3 cells incubated with different HCO 3 - concentrations together with the diverse pharmacological agents, which followed the same pattern as the variations in cAMP production and CREB phosphorylation. To our knowledge, this is the first description of such a control of gene transcription. A previous analysis of the cftr gene promoter [27] suggested that two independent mechanisms regulate cftr gene transcription, including a basal gene expression related to the CRE sequence activation, and a stimulated expression dependent on nucleotide sequences such as NFκB, SP1, or AP1, known to correspond to inflammation-induced transcription factors. Our present results support this hypothesis, and point to a particular ionic origin of the control of basal cftr gene expression. This CFTR property is not shared by all genes and proteins, particularly those involved in the cell response to inflammation, since Cox-2 gene transcription, despite being PKA-activated, is not modulated by variations in ext . This individualizes cftr among the majority of inflammation-activated genes, and suggests a potential modulation of the enhancement of its expression by inflammatory stimuli. For example, we have observed that Cell Physiol Biochem 2008;21:75-86 IL-1β increases by about 2.5-fold the cell content in CFTR mRNA both in the absence and presence of HCO 3 -(result not shown). Therefore, if basal CFTR mRNA is decreased by low , the CFTR over-expression triggered by IL-1β will be less important than under physiological bicarbonate concentrations. This process corresponds to a control of the inflammation-induced modulation of cftr gene expression by extracellular bicarbonate.
Bicarbonate-controlled sAC activation may also alter post-translational protein processing, recycling, and proteolysis of membrane proteins [36] , and thus counterbalance a concomitant modulation of gene expression. Our data obtained by Western blotting show that this is not the case for CFTR protein, since variations in its membrane content parallelled those of CFTR mRNA when extracellular ] was increased from 0 to 25 mmol/l, and when the cells were treated with 2OH-β-estradiol (but not with SQ 22536) or with H-89. Activation of the HCO 3 -/sAC transduction pathway thus enhances both cftr gene and CFTR protein expression and appears to be a physiological mechanism whereby the cell adapts to variations in extracellular HCO 3 - concentration. Our data obtained in Calu-3 cells, the physiology of which reflects that of the serous cells of pulmonary submucosal glands, reinforce the idea of a privileged functional link between CFTR and bicarbonate ions [35] . They complete a functional control loop, in which bicarbonate ions, the excretion of which may be directly and indirectly controlled by CFTR activity [36] , in turn modulate CFTR expression.
